Introduction
HIF-1α is one of the best-studied oncogenes and it transcriptionally regulates genes to facilitate cancer metastasis (1, 2) . Although HIF-1α accumulation was originally identified under hypoxia, as implied by its name (3, 4) , a large body of research indicates that HIF-1α is strongly activated by microenvironmental stimulations under well-oxygenated conditions, such as serum starvation, IFN-α, chemotherapeutic drug treatments, and the most-studied IGF and EGF stimulations of growth factors (1) . These studies indicate that HIF-1α is a central molecular hub for a variety of microenvironmental stimulations (5) . During the process of cancer progression, tumor cells may develop an increased metastatic ability. To regulate downstream genes, HIF-1α undergoes heterodimerization with HIF-1β and then recognizes the HIF-1α-response elements in the promoters of specific genes (1, (6) (7) (8) . The transcriptional complex activates a subset of genes, thus enhancing the malignant progression of cancer (1) .
MicroRNAs (miRNAs) are critical gene regulators that are initially transcribed by RNA polymerase II and sequentially processed into mature miRNAs. Nascent primary miRNAs are processed in the cell nucleus by the RNase enzyme Drosha to become pre-miRNAs with a hairpin structure, which are then exported to the cytoplasm for a final maturation step processed by Dicer, a highly conserved RNase III enzyme that is expressed in eukaryotes and is essential for miRNA biogenesis. Mature miRNAs are eventually loaded into the miRNA-induced silencing complex (miRISC) to recognize the 3′ UTRs of target mRNAs (9, 10) . Global repression of miRNAs in human cancers has been observed in previous studies (11, 12) and has been suggested to result from defective biogenesis machinery. Dysregulation of Dicer is of great interest because, similarly to the suppression of miRNA, downregulation of Dicer has been widely observed in many types of human tumors and Dicer has been shown to function as a tumor suppressor (12) (13) (14) (15) (16) (17) . Suppression of Dicer expression was found to dramatically enhance cancer metastasis through miR-200 miRNA (15, 18) . These previous studies have identified the tumor-suppressive function of Dicer, but the upstream mechanism leading to Dicer downregulation, especially on the regulation of protein degradation, remains largely unknown. Using genetic manipulations and biological stimulations, we uncover a mechanism through which, under either hypoxic or nonhypoxic conditions, HIF-1α posttranslationally facilitates the ubiquitination and autophagic proteolysis of Dicer through direct protein-protein interaction, regardless of its canonical transcriptional activity.
Results

HIF-1α directly interacts with Dicer in multiple types of human cancer cell lines and tumor tissues.
In our experiments originally intended to screen HIF-1α interaction proteins, we unexpectedly HIF-1α, one of the most extensively studied oncogenes, is activated by a variety of microenvironmental factors. The resulting biological effects are thought to depend on its transcriptional activity. The RNAse enzyme Dicer is frequently downregulated in human cancers, which has been functionally linked to enhanced metastatic properties; however, current knowledge of the upstream mechanisms regulating Dicer is limited. In the present study, we identified Dicer as a HIF-1α-interacting protein in multiple types of cancer cell lines and different human tumors. HIF-1α downregulated Dicer expression by facilitating its ubiquitination by the E3 ligase Parkin, thereby enhancing autophagy-mediated degradation of Dicer, which further suppressed the maturation of known tumor suppressors, such as the microRNA let-7 and microRNA-200b. Consequently, expression of HIF-1α facilitated epithelial-mesenchymal transition (EMT) and metastasis in tumor-bearing mice. Thus, this study uncovered a connection between oncogenic HIF-1α and the tumor-suppressive Dicer. This function of HIF-1α is transcription independent and occurs through previously unrecognized protein interaction-mediated ubiquitination and autophagic proteolysis.
HIF-1α promotes autophagic proteolysis of Dicer and enhances tumor metastasis
Hui-Huang Lai, 1, 2 Jie-Ning Li, 1,2 Ming-Yang Wang, 3 Hsin-Yi Huang, 4 Carlo M. Croce, 5 Hui-Lung Sun, 5 Yu-Jhen Lyu, 2 Jui-Wen Kang, 6 Ching-Feng Chiu, 7 Mien-Chie Hung, 8, 9 Hiroshi I. Suzuki, 10 and Pai-Sheng Chen protein interaction events in close proximity (<40 nm) demonstrated significant direct interaction between HIF-1α and Dicer among all of the cancer cell lines used, as shown in Supplemental Figure 1D , whereas no signal was observed in any of the negative control cells (Supplemental Figure 1E ). Because hypoxia induces HIF-1α nuclear localization, we isolated the subcellular fractions and performed immunoprecipitation to determine the interaction of HIF-1α/Dicer under hypoxic conditions. In the nuclear and cytoplasmic fractions isolated from HCT116 cells, immunoprecipitation showed that both nuclear and cytoplasmic HIF-1α accumulated under hypoxia (Supplemental Figure 1F , input), whereas the subcellular localization of Dicer was primarily restricted to the cytoplasm (Supplemental Figure 1F , input). Under hypoxia, the enhanced interaction of HIF-1α/Dicer was significantly observed in the cytoplasm (Supplemental Figure  1F , lane 4). Notably, in cell nucleus, HIF-1α/Dicer was induced under hypoxia, although the relative level was much lower than the interaction level in the cytoplasm (Supplemental Figure 1F , lane 2). Moreover, most of the HIF-1α/Dicer binding detected by in situ PLA was located in the cytoplasm, and few nuclear signals were observed under hypoxia (Supplemental Figure 1 , G and H). These results suggested that HIF-1α primarily interacts with Dicer in the cytoplasm. Moreover, because a previous study has demonstrated that Dicer is also expressed in the nucleus (19) , the HIF-1α/Dicer interaction may have another function in the nucleus and therefore require further investigation. To confirm the interaction between HIF-1α and Dicer in vivo, we collected surgically resected fresh tissues from colon ( Figure 1H ) and breast ( Figure 1I ) tumors and directly performed immunoprecipitation. Similarly to results from a series of cancer cell lines shown in Supplemental Figure 1 , D and E, such binding was also observed in both colon and breast cancer tissues. We next used in situ PLA to analyze tissue array containing human normal and cancer tissues to investigate whether the direct binding could be identified in vivo, and consistently, direct interaction between HIF-1α and Dicer was clearly detected in colon, breast, lung, liver, and prostate cancer tissues, whereas fewer bindings were also observed in corresponding normal tissues ( Figure 1J and Supplemental Figure 1I ). These results indicate that HIF-1α associates with Dicer and that this interaction is a widespread phenomenon among different human cancer cell lines and tissues. HIF-1α downregulates Dicer protein expression under hypoxic and nonhypoxic conditions. Having confirmed the ability of HIF-1α in binding to Dicer, we next investigated whether the expression level of Dicer was affected. We ectopically overexpressed HIF-1α and observed a significantly decreased protein level of Dicer, whereas knockdown of HIF-1α using 2 individual specific shRNAs dramatically enhanced Dicer protein expression (Figure 2A ). However, the mRNA level of Dicer exhibited no significant change upon manipulation of HIF-1α (Supplemental Figure  2, A and B) . The HIF-1α-mediated Dicer downregulation was further confirmed by restoration experiments in cells expressing shRNAs that target HIF-1α 3′ UTR, making the ectopically expressed HIF-1α insensitive to shRNA-mediated suppression (Supplemental Figure 2C, lanes 1-3) . The downregulation was also observed in Caco-2, MDA-MB-231, MDA-MB-453, MiaPaCa2, PANC1 cells overexpressing HIF-1α ( Figure 2B ), and in identified Dicer, the key biogenesis factor for miRNA maturation, as a HIF-1α-interacting protein through mass spectrometric (MS) analysis (Supplemental Figure 1 , A and B; supplemental material available online with this article; https://doi. org/10.1172/JCI89212DS1). To verify the association between HIF-1α and Dicer, we used anti-Dicer and anti-HIF-1α antibodies for immunoprecipitation and found that endogenous HIF-1α and Dicer interact with each other in HEK293T cells ( Figure 1 , A and B). Immunofluorescence staining also showed colocalization of HIF-1α and Dicer in the cytoplasm of HEK293T cells (Supplemental Figure 1C, arrowheads) . Consistent results from immunoprecipitation were observed in HCT116 cells when using either anti-Dicer ( Figure 1C ) or 2 additional anti-HIF-1α antibodies ( Figure 1D ) to confirm their endogenous association. We further immunoprecipitated endogenous HIF-1α ( Figure 1E ) and exogenous Myc-tagged HIF-1α ( Figure 1F ) from the extracts of HCT116 cells transfected with FLAG-tagged Dicer and found that, similarly to endogenous Dicer, FLAG-Dicer was able to interact with either endogenous ( Figure 1E ) or exogenous Myc-HIF-1α ( Figure 1F ). Because HIF-1α is widely expressed among cancer cells, we collected a panel of cancer cell lines, including Caco-2, HT29, and SW480 (colon); MDA-MB-231 (breast); MiaPaCa-2 (pancreas); A549 (lung); and HeLa (cervix); and determined the association between HIF-1α and Dicer. This interaction was broadly observed among all of these cancer cell lines from different tissue origins (Supplemental Figure 1D) . We then performed bimolecular fluorescence complementation (BiFC) assay to study the direct protein interaction in living cells and found a significant reconstitution of Venus fluorescence signal in HCT116 cells expressing half of Venus-fused HIF-1α and Dicer, whereas knockdown of HIF-1α dramatically diminished the protein interaction ( Figure 1G ), confirming that HIF-1α specifically and directly interacts with Dicer. Furthermore, we utilized in situ proximity ligation assay (PLA) to investigate the endogenous binding of Dicer with HIF-1α (Supplemental Figure  1E) . The PLA fluorescence signals derived from single protein- Anti-HIF-1α immunoprecipitates were isolated from lysates of surgically resected tumors to detect the in vivo interaction between HIF-1α and Dicer in colon (H) and breast (I) cancer tissues. The immunoblots presented were derived from replicate samples run on parallel gels (I). HIF-1α and Dicer were detected using in situ PLA in human colon, breast, lung, liver, and prostate normal and cancer tissues (J). PLA signals are shown in red along with DAPI nuclear staining (blue). Each red fluorescent dot indicates the direct binding of the HIF-1α/Dicer complex in close distance (<40 nm). Tissues stained with only anti-HIF-1α antibodies were also analyzed as negative controls shown in Supplemental Figure 1I . Data are presented as mean ± SD, with at least n = 3 per group. Multigroup comparisons were analyzed by 1-way ANOVA with Tukey's post hoc test. ***P < 0.001. jci.org Volume 128 Number 2 February 2018 taneously bound to the same target protein ( Figure 2G ). Consistent with our in vitro results, protein expression of HIF-1α was inversely correlated with Dicer protein levels in 93 human colon cancer tissues ( Figure 2H ; R = -0.69, P < 0.001) and 96 breast cancer tissues ( Figure 2I ; R = -0.53, P < 0.001), supporting the HIF-1α-mediated downregulation of Dicer in both cancer types. We further analyzed the ratio of HIF-1α to Dicer for reflecting levels of HIF-1α-suppressed Dicer expression, as greater ratios indicate patients have simultaneously higher HIF-1α and lower Dicer in the tumors and vice versa. Interestingly, the HIF-1α/ Dicer ratio was significantly higher in stage 3 tumors compared with those from either stage 1 or 2 in colon cancer ( Figure 2J ; P = 0.0258 and P = 0.0021, respectively), and similarly, the ratio was significantly higher in stage 3 tumors compared with stage 2 in breast cancer ( Figure 2J ; P = 0.0342). But no statistically significant association with T stages was found in both cancer types (Supplemental Figure 2J ). In addition, the HIF-1α/Dicer ratio was significantly higher in tumors from colon (Supplemental Figure  2K , left; P = 0.004) and breast (Supplemental Figure 2K, right; P = 0.007) cancer patients with lymph node metastasis. This clinical evidence supports HIF-1α-mediated Dicer downregulation in cancer, and this regulation significantly associates with advanced stages and the presence of lymph node metastasis in human colon and breast cancer patients. HIF-1α nontranscriptionally facilitates autophagy-mediated proteolysis of Dicer. HIF-1α has been studied for decades regarding its transcriptional activity, which was previously shown to regulate gene expression through the recognition of a HIF-1α response element by a helix-loop-helix (HLH) DNA-binding motif. To investigate whether the transcriptional activity of HIF-1α is required for the regulation of Dicer, we compared the abilities of HLH-truncated (ΔHLH) and full-length HIF-1α to downregulate Dicer. Interestingly, the downregulation of Dicer was unaffected by removal of the DNA-binding ability of HIF-1α. In both overexpression and restoration experiments, HLH-truncated HIF-1α exhibited effects similar to those of fulllength HIF-1α in suppressing Dicer, whereas the well-known transcriptional targets PDK1, CA9, and PAI-1 were induced by only full-length HIF-1α in HCT116 and HEK293T cells ( Figure  3A , Supplemental Figure 2C , lanes 2 and 4, and Supplemental Figure 3A) . These results suggest a transcription-independent role of HIF-1α in regulating Dicer. To investigate the underlying mechanism leading to repressed Dicer protein expression, we determined its protein stability in HCT116 and Mia-PaCa2 cells overexpressing HIF-1α. In the presence of cycloheximide (CHX), Dicer protein expression was stably maintained for 12 hours, whereas a significant decrease was observed at 2 to 8 hours in HIF-1α-overexpressing HCT116 and Mia-PaCa2 cells ( Figure 3B and Supplemental Figure 3B ), indicating that HIF-1α accelerates the degradation of Dicer protein. Similar effects were also observed in IGF-treated cells, as knockdown of HIF-1α further abolished the IGF-mediated Dicer degradation, suggesting that IGF induces HIF-1α expression to destabilize Dicer protein (Supplemental Figure 3C ). Mammalian cells use proteasome and lysosome systems as major proteolytic pathways. Thus, we first determined whether this pathway acts in a proteasome-dependent manner. However, treatment with the proteasome inhibitor SW480, MDA-MB-231, Mia-PaCa2, and PANC1 cells with knockdown of HIF-1α (Supplemental Figure 2D) , whereas Dicer mRNA levels remained unregulated (Supplemental Figure 2E) . As a powerful oncogene, HIF-1α is induced under several pathophysiological circumstances, including growth factor stimulation and tumor hypoxia (1, 20) . To investigate the regulation of Dicer in response to these HIF-1α-inducing microenvironmental factors, we treated cells with IGF and EGF or exposed them to hypoxia. Accordingly, both the binding between HIF-1α and Dicer and the downregulation ( Figure 2C ) of Dicer were observed in IGF-and EGF-treated HCT116 cells as well as in hypoxia-stressed cells. These effects of Dicer downregulation were further diminished in HIF-1α knockdown cells (Figure 2 , D-F), suggesting an essential role of HIF-1α in the growth factor-and hypoxia-induced downregulation of Dicer. Again, the mRNA levels of Dicer were not altered upon growth factor stimulation (Supplemental Figure  2 , F and G). Although the mRNA levels of Dicer were inhibited under hypoxia (Supplemental Figure 2H) , knockdown of HIF-1α could not restore the repressed mRNA expression (Supplemental Figure 2I ), suggesting that, unlike growth factor stimulation, hypoxia may suppress Dicer mRNA transcription through a HIF-1α-independent manner, which was described previously (21) (22) (23) . The above experiments involving genetic manipulations and biological stimulations suggest that HIF-1α posttranscriptionally downregulates Dicer protein expression.
In line with our previous results showing that HIF-1α interacts and downregulates Dicer protein expression, we further investigated whether higher levels of HIF-1α protein correlate with repressed Dicer protein levels in human cancer tissues. We first used 2 specific antibodies recognizing different epitopes on the same protein to perform in situ PLA for quantitatively determining protein expression with improved specificity, as the florescence signals were only detected when 2 antibodies simul- MG132 could not prevent the reduction of Dicer expression in HIF-1α-overexpressing cells ( Figure 3C ), suggesting that HIF-1α promotes proteasome-independent degradation of Dicer. These results prompted us to investigate the involvement of the lysosomal pathway. Because the expression of Dicer was restored in HIF-1α-overexpressing cells in the presence of the lysosomal inhibitor NH 4 Cl ( Figure 3D ), it can be concluded that lysosomemediated proteolysis is involved in the HIF-1α-enhanced degra- Cells were treated with CHX at the indicated times to block de novo protein synthesis. The expression of Dicer was determined by Western blot analysis and was further quantified by ImageJ (NIH). The relative levels of Dicer protein remaining at each time point were normalized to α-tubulin (right). Data are presented as mean ± SD, with at least n = 3 per group. **P < 0.01, 2-way ANOVA. All of the cell lysates were run on the same gel. (C-E) Effects of the proteolytic pathways on the HIF-1α-induced downregulation of Dicer. Cells were treated with MG132 to inhibit proteasomal degradation (C), ammonium chloride (NH 4 Cl) to inhibit lysosomal degradation (D), or 3-MA to inhibit autophagic degradation (E). The immunoblots presented were derived from replicate samples run on parallel gels. The ratios of Dicer/α-tubulin protein levels were quantified by using ImageJ. (F) Similar experiments were performed in cells in which ATG5 was genetically knocked down to inhibit autophagy. LC3 was detected for autophagic activation. (G and H) The associations between Dicer and the autophagy receptor p62 were analyzed in the presence of NH 4 Cl and CQ to block autophagy-lysosomal degradation in HIF-1α-overexpressing (G) or HIF-1α knockdown (H) HCT116 cells. The immunoblots presented were derived from replicate samples run on parallel gels (H). jci.org Volume 128 Number 2 February 2018 dation of Dicer. These findings led us to further investigate the role of autophagy, a pathway that selectively delivers proteins to the lysosome for further degradation (24) . We treated cells with 3-methyladenine (3-MA) and observed that inhibiting autophagy completely prevented the HIF-1α-mediated degradation of Dicer ( Figure 3E ). Similar results were also obtained when a specific shRNA targeting autophagy protein 5 (ATG5) was used to prevent autophagy ( Figure 3F ), which further confirmed the role of an autophagy-dependent pathway for the degradation of Dicer.
To determine whether Dicer is recruited into autophagosomes as a cargo protein, we evaluated the level of Dicer recognized by p62, an autophagy receptor that is known to form complexes with the cargo proteins (25) . The coimmunoprecipitation results showed that the p62-Dicer complex was increased or decreased in HIF-1α-overexpressing or HIF-1α-knockdown HCT116 cells, respectively ( Figure 3 , G and H). Additionally, Dicer translocated into autophagosomes isolated from HIF-1α-overexpressing cells (Supplemental Figure 3D) , and supportively, confocal images of immunofluorescence staining showed the increased colocalization of Dicer/p62 in the cytoplasm (Supplemental Figure 3E ). These results demonstrate that HIF-1α facilitates the recognition of Dicer by autophagosomes for further degradation. HIF-1α recruits Parkin E3 ubiquitin ligase, which ubiquitinates Dicer for recognition by autophagosomes. We next sought to investigate an interesting question of how Dicer is recognized by the autophagy pathway. Recent evidence has shown that the ubiquitination of cargo proteins is a selective mechanism through which the substrate is recognized by the autophagy receptor (25) (26) (27) . Hence, we determined the ubiquitination level of Dicer and observed an obvious induction of ubiquitinated Dicer in HIF-1α-overexpressing HEK293T and HCT116 cells either in the absence or presence of lysosomal inhibitors ( Figure 4A , lanes 4 and 6, and Supplemental Figure 4A , lanes 4 and 6). In addition, the ubiquitination was significantly induced by IGF stimulation (Supplemental Figure 4B, lane 4) , whereas knockdown of HIF-1α completely abolished this effect (Supplemental Figure 4B, lane 6) . These results suggest that Dicer ubiquitination is enhanced either by ectopically expressed or by IGF- protein-protein interaction, HIF-1α may recruit VHL or MDM2 to facilitate the ubiquitination of Dicer, since they are the known E3 ligases physically associated with HIF-1α (28, 29) . However, HIF-1α-induced ubiquitination was not abolished by knockdown of either VHL or MDM2 (Figure 4 , B and C). Both experiments showed that neither VHL nor MDM2 is essential for Dicer induced HIF-1α, which prompted us to identify the E3 ligase responsible for catalyzing Dicer ubiquitination. NH 4 Cl and chloroquine (CQ) were used to block the HIF-1α-induced autolysosomal degradation of the experiments shown in Figure 4 . Thus, the protein ubiquitination or level of protein interaction was clearly determined. We first hypothesized that, through a . The immunoblots presented were derived from replicate samples run on parallel gels. (E) Immunofluorescence analysis was performed using anti-p62, anti-Dicer antibodies, and DAPI for nuclear staining. Images were obtained by using confocal microscopy, as indicated: Dicer (red); p62 (green); DAPI (blue) (E, left). The spots of p62 and Dicer were quantified by using ImageJ (E, right). The experiments in B-E were performed in the presence of CQ and NH 4 Cl to block autophagy-lysosomal degradation.
Original magnification: × 1000. Data are presented as mean ± SD, with at least n = 3 per group. Multigroup comparisons were analyzed by 1-way ANOVA with Tukey's post hoc test. ***P < 0.001. jci.org Volume 128 Number 2 February 2018 ure 6B, lanes 7 and 8; Supplemental Figure 5, lanes 7 and 8) . It was also noted that deleting the ODD domain partially reduced the association ( Figure 6B , lane 6). However, as the ODD domain contains both a complete N-TAD domain, which is not dispensable for binding ( Figure 6 , A and B), and part of the ID domain, which is required for binding ( Figure 6, A and B) , the reduction of the protein interaction observed in the ΔODD group may result from the partial deletion of ID domain in ODD-truncated HIF-1α. Because HLH and N-TAD domains are important regions for HIF-1β and prolyl hydroxylase domain protein (PHD) binding (33) (34) (35) (36) , truncating these domains disrupts the association between HIF-1β or PHD and HIF-1α. In line with the results showing the enhanced interaction between ΔHLH or ΔN-TAD HIF-1α and Dicer, it is likely that the binding of HIF-1β or PHD may repress the interaction of HIF-1α with Dicer. Because the ΔID and ΔC-TAD truncations exhibited greatly reduced interaction with Dicer, we also examined their functions and consistently found that these 2 mutants exhibited no regulatory ability on downregulating Dicer protein expression ( Figure 6C , lanes 3 and 4). On the other hand, we used 4 serially truncated Dicer mutants (ΔPAZ, ΔDUF, ΔHelicC, ΔDEAD) to identify the region required for the interaction with HIF-1α ( Figure 6D ). The FLAG-Dicer truncations were coexpressed with Myc-HIF-1α in cells for further coimmunoprecipitation assays. The ΔDUF283, ΔHelicase, and ΔDEAD mutants of Dicer retained a strong interaction with HIF-1α ( Figure 6E , lanes 3 and 5), whereas deletion of PAZ significantly disrupted this interaction ( Figure 6E , lane 2). Also, this PAZ-deleted Dicer was observed to be insensitive to HIF-1α-induced protein degradation ( Figure 6F ; PAZ-deleted Dicer in HIF-1α-overexpressing cells). These results suggest that the ID to C-TAD domain of HIF-1α and the PAZ domain of Dicer are essential for their functional protein-protein interaction.
Downregulation of Dicer decreases processing efficiency and diminishes target inhibition by miRNAs.
To validate the consequences of Dicer suppression, we determined the expression of let-7 family miRNAs and miR-200b, which are highly conserved miRNAs known to be sensitive to Dicer processing (15, 16, 37) ; miR-451, which is generated through a Dicer-independent pathway (38) ; and miR-210, which is a known transcriptional target downstream of HIF-1α (39, 40) (Supplemental Figure 6A) . We simultaneously measured the expression of their precursors (pri-miRNAs; Supplemental Figure 6B ) to determine the ratio of mature to pri-miRNAs as an indicator of biogenesis activity ( Figure 7A ). Both pri-and mature miR-210 were upregulated in cells overexpressing WT, but not ΔHLH-truncated HIF-1α (Supplemental Figure 6, A and B) , which confirmed that the transcriptional activity of HIF-1α is essential for the regulation of miR-210. The expression of let-7 family miRNAs and miR200b was significantly reduced in cells transfected with either WT or ΔHLH-truncated HIF-1α, whereas the level of miR-451, a miRNA generated from the Ago-2-mediated Dicer-independent pathway, remained unchanged in these experiments (Figure 7A and Supplemental Figure 6 , A and B), suggesting that HIF-1α posttranscriptionally suppresses the processing activity of Dicer. Similar results from the knockdown of HIF-1α confirmed this regulation, as the levels of let-7b and miR-200b were enhanced, but miR-451 was unaffected ( Figure 7B ). In line with ubiquitination. In VHL-knockdown cells, the enhanced ubiquitination might have indirectly resulted from HIF-1α accumulation (input), thus increasing formation of HIF-1α/E3 ligase/Dicer complexes (the E3 ligase was thereafter identified as Parkin). In MDM2-knockdown cells, the enhanced ubiquitination might have reflected another unknown pathway instead of resulting from increased HIF-1α expression (HIF-1α is not upregulated in input shown in Figure 4C ). Thus, we excluded the functional roles of these proteins in this mechanism. CHIP and Parkin are 2 of the major E3 ligases involved in ubiquitinating substrate proteins for the recognition of autophagy pathway (24, (30) (31) (32) . Thus, we next knocked down the expression of CHIP and Parkin by shRNAs and found that the HIF-1α-mediated Dicer ubiquitination was completely abolished by suppressing Parkin (Figure 4D, lanes 3 and 4) , whereas knockdown of CHIP had only slight effects ( Figure 4D, lanes 5 and 6) . Similarly, ectopically expressed Parkin enhanced the HIF-1α-induced ubiquitination of Dicer (Supplemental Figure 4C , lane 5), whereas no effects were observed in HCT116 cells overexpressing Parkin C431S in which the putative catalytic cysteine had been mutated to serine (Supplemental Figure 4C , lane 6), indicating that Parkin is required for Dicer ubiquitination. Moreover, we knocked down Parkin to confirm its functional role in downregulating Dicer and found that both HIF-1α-and IGF-suppressed Dicer expression were abolished (Supplemental Figure 4 , D and E). We next investigated the role of HIF-1α in recruiting Parkin to form complex with Dicer. NH 4 Cl and CQ were used to block the HIF-1α-induced autolysosomal degradation of Dicer in most of the experiments shown in Figure 5 , except Figure 5A . Thus, the protein ubiquitination or level of protein interaction was clearly determined. We immunoprecipitated Parkin and observed a significantly decreased level of coimmunoprecipitated Dicer upon HIF-1α knockdown ( Figure 5A ) and vice versa ( Figure 5B ). In addition, HIF-1α brought Parkin and Dicer together in response to IGF treatment, as knockdown of HIF-1α prevented Dicer/ Parkin complex formation facilitated by IGF ( Figure 5C ), which further supports that HIF-1α is a bridge required for the interaction between Parkin and Dicer. These results demonstrate a dynamic mechanism that HIF-1α recruits Parkin to associate with Dicer for ubiquitination, thus promoting the recognition of ubiquitinated Dicer by autophagy receptor, which was also confirmed by immunoprecipitation ( Figure 5D , lanes 2 and 4) and immunofluorescence analysis ( Figure 5E ), showing that knockdown of Parkin obviously diminished the HIF-1α-induced association of Dicer with p62.
Identification of functional domains required for reciprocal protein interaction.
To further investigate which domain of HIF-1α is responsible for binding to Dicer, we generated 7 deletion mutants (ΔNLS, ΔHLH, ΔPAS, ΔODD, ΔN-TAD, ΔID, ΔC-TAD) of Myc-HIF-1α in which individual functional domains were truncated ( Figure 6A ). These truncation mutants were cotransfected with FLAG-Dicer in HEK293T and HCT116 cells to investigate their interaction. The coimmunoprecipitation results showed that deletions of HIF-1α from NLS to N-TAD did not reduce the binding between HIF-1α and Dicer ( Figure 6B , lanes 2-5; Supplemental Figure 5, lanes 2-5) , whereas truncating the ID and C-TAD domains dramatically disrupted the interaction with Dicer (Fig-jci. tently observed in HIF-1α-overexpressing HCT116 (colon), MCF-7 (breast), and PANC1 (pancreas) cells and was further diminished upon the restoration of miR-200b ( Figure 8D ). Furthermore, ΔHLH HIF-1α was overexpressed in different cell types to study its transcriptional-independent roles. Immunofluorescence staining demonstrated that E-cadherin expression was also repressed, whereas ZEB1 accumulated in the nucleus of ΔHLH HIF-1α-expressing HCT116, MCF-7, and PANC1 cells (Supplemental Figure 7A ). In agreement with previous results, fibronectin and vimentin were induced along with E-cadherin repression in ΔHLH HIF-1α-expressing cells. These effects were further diminished by the restoration of miR-200b, but Aurora B protein remained enhanced after the restoration of miR-200b (Supplemental Figure 7B) . The migration ability of ΔHLH HIF-1α-expressing cancer cells was enhanced, whereas the restoration of miR-200b diminished this effect (Supplemental Figure 7C) . These results indicated that HIF-1α-induced Dicer degradation facilitates the EMT of cancer cells through the suppression of miR-200b maturation.
To evaluate the metastatic effects in vivo, we performed intrasplenic injection (45, 46) to determine spontaneous metastasis. This model enables the spontaneous metastasis of the primary tumor through the portal system, thus mimicking the metastatic pattern in human colon cancer and generating liver and lung metastasis (47) (48) (49) (50) . miR-200b was restored in CT-26/Luc cells stably expressing either WT or HLH-truncated HIF-1α for metastasis in animal experiments. To confirm that CT-26 cells were equally injected into the mouse spleen, the photon intensities of the primary sites were measured at 2 days after injection ( Figure  9A and Supplemental Figure 7D ). At 11 days after splenic injection, the intensities of the metastatic signals in the liver were observed in CT-26 cells expressing either WT or HLH-truncated HIF-1α ( Figure 9A ). At 18 days after splenic injection, the livers and lungs were isolated and the photon intensities were detected. The intensities of the metastatic signals in the liver and lungs were strongly enhanced in CT-26 cells expressing either WT or HLH-truncated HIF-1α, whereas the enhanced metastasis was further diminished by restoring miR-200b, because WT or HLH-truncated HIF-1α-induced liver and lung metastasis were significantly abolished in cells overexpressing miR-200b ( Figure 9 , B and C). Our in vivo evidence further supported the in vitro results suggesting that HIF-1α downregulates Dicer, thereby suppressing miR-200b maturation and consequently facilitating cancer metastasis.
Discussion
The dysregulation of miRNAs has been implicated in human diseases. Here, we demonstrate a mechanism by which HIF-1α selectively enhances the ubiquitination and autophagic proteolysis of Dicer and hinders the biogenesis of miRNA, thus leading to aberrant miRNA maturation and enhanced EMT in human cancers ( Figure 10 ). Recent evidence has suggested that, beyond the current knowledge of the "canonical" pathway for generating miRNAs, several cancer-related protein factors, such as p53, BRCA1, and Smad, participate in the modulation of miRNA biogenesis reviewed previously (10, 12) . Because these pathways can independently or coordinately orchestrate signaling networks and regulate cell function, the reciprocal regulation with HIF-1α requires further investigation. For example, the crosstalk this evidence, let-7b and miR-200b levels were reconstituted in Dicer-restored cells overexpressing HIF-1α, indicating that HIF-1α-mediated Dicer repression results in downregulatuion of the miRNAs ( Figure 7C ). The let-7 family miRNAs and miR-200b are well-studied tumor suppressors, and their downregulation promotes malignant phenotypes of cancer cells, including facilitating the epithelial-mesenchymal transition (EMT) (41, 42) . Our clinical results also supported that HIF-1α-suppressed Dicer expression significantly correlates with lymph node metastasis in cancer patients (Supplemental Figure 2K) . To evaluate the biological activities of these miRNAs, we analyzed their effects on suppressing the expression of luciferase genes harboring the 3′ UTRs of ZEB1 (target of miR-200b) (41) , LIN41 (target of let-7) (43), and Aurora B (AURKB) (target of let-7) (44). The expression of all of these reporters was significantly enhanced upon HIF-1α overexpression, whereas restoring Dicer abolished these effects ( Figure 7D ). Moreover, Western blot analysis also showed that restoring miR-200b or let-7 suppressed expression of ZEB1 or Aurora B induced by HIF-1α, respectively ( Figure 7, E and F) . These results suggest that HIF-1α-induced Dicer degradation suppresses miRNA maturation and consequently decreases the activity of Dicer-dependent miRNAs.
HIF-1α-induced Dicer degradation facilitates EMT and cancer metastasis through the suppression of miR-200b maturation.
To explore the biological consequences of HIF-1α-suppressed miR-200b expression, we analyzed the protein distribution and expression of EMT markers in HCT116 cells. ZEB1-mediated EMT was observed in HIF-1α-overexpressing cells, including the disruption of intercellular E-cadherin junctions, enhancement of nuclear ZEB1 translocation ( Figure 8A) , upregulation of the mesenchymal markers fibronectin and vimentin, and downregulation of E-cadherin ( Figure 8B ). These effects were reconstituted in miR-200b-coexpressing cells. However, the restoration of let7b did not suppress HIF-1α-induced EMT (Figure 8C) , indicating a functional role of HIF-1α-suppressed miR-200b in regulating EMT. The resulting enhanced migratory ability was also consis- Immunoprecipitates isolated by anti-FLAG-tag antibodies were subjected to Western blot to determine the interaction between truncated Dicer and Myc-HIF-1α. (F) PAZ domain-deleted Dicer was insensitive to HIF-1α-mediated protein degradation. HCT116 cells were transfected with full-length or PAZ truncation of Dicer, and protein stability was monitored in the presence of CHX at the indicated times to block de novo protein synthesis. Data are presented as mean ± SD, with at least n = 3 per group. **P < 0.01, 2-way ANOVA. The experiments depicted in B and E were performed in the presence of CQ and NH 4 Cl to block autophagy-lysosomal degradation. jci.org Volume 128
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Ubiquitination is a common posttranslational modification of protein that not only controls protein clearance, but also changes protein localization (53) . Polyubiquitination of Dicer has been identified as having a role in the proteasomal degradation pathway (54) . Nevertheless, there is a paucity of evidence showing that ubiquitination of Dicer correlates with autophagy degradation and its E3 ligase remains unidentified (55) . In the present study, we between HIF-1α and p53 pathways regulates tumor growth at different stages of cancer progression (51) . Therefore, in contrast with tumor-suppressive p53, which interacts with the Drosha complex and enhances the processing of primary miRNA (52), the oncogenic HIF-1α acts as a gatekeeper for cancer cells, thus preventing the maturation of pre-miRNA by Dicer and resulting in fine-tuning the balance modulating cancer progression. (E) or let-7b (F) was restored in HIF-1α-expressing cells. Aurora B, let-7b-targeted gene was analyzed by Western blot. The immunoblots presented were derived from replicate samples run on parallel gels (E). Data are presented as mean ± SD, with at least n = 3 per group. Unpaired, independent groups of 2 were analyzed by 2-tailed Student's t test. Multigroup comparisons were analyzed by 1-way ANOVA with Tukey's post hoc test. jci.org Volume 128 Number 2 February 2018 a potential tumor suppressor that acts by impairing tumorigenesis (57) . The heterozygous inactivation of PARK2 is the most common mutation affecting oncogenesis by enhancing cellular growth signals, including those in colon and breast cancer (58, 59) . However, several proteins have been identified as substrates of Parkin, including Eps15, Iκκγ, and TRAF2 (60). Parkin-mediated ubiquitination of Eps15 interferes with the binding between Eps15 and EGFR, thereby causing a delay in EGFR endocytosis and activating PI3K/Akt signaling for cell survival (61) . Iκκγ and TRAF2 are ubiquitinated by Parkin and confer protection from stress-induced cell death (62) . Therefore, the role of Parkin in cancer remains controversial. The results of the present study show that HIF-1α acts as a connector that facilitates the ubiquitination of Dicer through Parkin (Figure 4) . In contrast to the demonstrate that the Parkin E3 ligase ubiquitinates Dicer, which is subsequently degraded by autophagy-lysosomal proteolysis ( Figure 4) . This is the first reported evidence, to our knowledge, indicating that Dicer is monoubiquitinated and identifying a potential E3 ligase of Dicer for autophagy. Polyubquitinated Dicer is degraded by the proteasome (54), and monoubquitintated Dicer enters an autophagy-lysosomal pathway, suggesting that different types of ubiquitination may act as switches changing the proteolytic location of Dicer. The E3 ligase Parkin (PARK2) plays multiple roles in human disease, including Parkinson's disease and cancer. Homozygous mutations in PARK2 lead to protein misfolding and aggregation, thereby resulting in neuronal integrity damage (56) . Furthermore, previous studies have investigated Parkin protein as ZEB1 and E-cadherin were analyzed through immunofluorescence staining (A) using anti-E-cadherin and anti-ZEB1 antibodies or Western blotting (B and C) and using anti-E-cadherin, anti-ZEB1, anti-fibronectin, and anti-vimentin antibodies. Immunofluorescence images were obtained by using confocal microscopy, as indicated: E-cadherin (green); ZEB1 (red); DAPI (blue). Scale bars: 10 μm. The effects on cell migration in HCT116, MCF-7, and PANC1 cells were measured in Boyden chamber assays (D). The immunoblots presented were derived from replicate samples run on parallel gels (B and C). Data are presented as mean ± SD, with at least n = 3 per group. Multigroup comparisons were analyzed by 1-way ANOVA with Tukey's post hoc test. *P < 0.05; **P < 0.01; ***P < 0.001. jci.org Volume 128 Number 2 February 2018 ile cover slips and grown for 24 hours in a 12-well plate. Tissue arrays containing multiple human normal and tumor tissues were purchased from US Biomax (MNT241). The samples were fixed in 3.7% paraformaldehyde for 20 minutes, permeabilized, and blocked before the addition of the primary antibody for immunofluorescence analysis. After permeabilization, the samples were incubated in the blocking buffer for 1 hour at room temperature in a humidified chamber. The cells were incubated with 2 primary antibodies derived from different species to recognize HIF-1α and Dicer at 4°C overnight. On the following day, the samples were washed in Buffer A 2 times for 5 minutes each and incubated with secondary antibodies conjugated with oligonucleotides for 1 hour at 37°C in a humidified chamber. The ligation reaction was performed at 37°C for 30 minutes. The samples were further incubated with the amplification mixture for 100 minutes at 37°C in a darkened humidified chamber. After washing with 1× Buffer B for 10 minutes, the cells were mounted using mounting medium with DAPI (Vector Laboratories).
In situ PLA for detection of single protein expression. Protein expression of HIF-1α and Dicer was determined by modified PLA to enhance the specificity. Briefly, human colon cancer tissues were sequentially incubated with 2 specific antibodies recognizing different epitopes of the same protein, following standard manufacturer's detection procedures. Tissue arrays containing human colon cancer tissues were purchased from Pantomics (COC1021).
Constructs. pcDNA3.1-HIF-1α was constructed to express HIF-1α with a C-terminal Myc-tag. The following sequences were separately cloned into the pcDNA3.1/Myc-tag vector: HIF-1α with truncated nuclear localization signal (NLS) domain (aa 17-33), HIF-1α with truncated HLH DNA-binding domain (aa 33-71), HIF-1α with truncated Per/Arnt/Sim (PAS) HIF-1β with binding domain (aa 85-298), HIF-1α with truncated oxygen-dependent degradation (ODD) (aa 401-603), HIF-1α with truncated N-terminal activation domain (N-TAD) (aa 531-575), HIF-1α with truncated inhibitory domain (ID) (aa 575-786), and HIF-1α with truncated C-terminal activation domain (C-TAD) (aa 786-826). pcDNA6-ubiquitin was constructed to express ubiquitin with an N-terminal FLAG epitope. pBiFC-VC155-HIF-1α was constructed to express HIF-1α with a C-terminal-fused VC155. pBiFC-VN173-Dicer was constructed to express Dicer with a C-terminal-fused VN173. Mouse WT HIF-1α or HIF-1α ΔHLH was constructed in pLAS2w cDNA expression lentivector. FLAG-tagged Dicer-expressing plasmid was provided by Kohei Miyazono (University of Tokyo, Tokyo, Japan) (63 tumor-suppressive function of Parkin, HIF-1α controls Parkin and consequently exerts oncogenic effects on cancer metastasis. These mechanisms indicate a potentially novel role of Parkin during cancer progression. The altered Dicer mRNA was observed only in cells exposed to hypoxia (Supplemental Figure 2I ), but not in cells with HIF-1α overexpression/knockdown (Supplemental Figure 2, A and B) or in cells treated with growth factors (Supplemental Figure 2 , F and G), suggesting another regulatory mode involving oxygen-sensitive transcriptional regulation, which acts in a HIF-1α-independent manner (Supplemental Figure 2I ; ref. [21] [22] [23] . Reflecting its central role in cellular responses to oxygen-dependent (hypoxia) and oxygen-independent (growth factors and cytokines) stimulations, HIF-1α has been well defined as an oncogenic signaling hub for microenvironmental regulation of cancer progression (1, 5) . This study demonstrates a central role of HIF-1α in Dicer regulation under both hypoxic and nonhypoxic conditions. This mode is unexpected on the basis of current knowledge of HIF-1α's transcriptional activity, and it provides new insights into redefining the biological properties of the well-known transcription factor HIF-1α ( Figure 10 ). Immunoprecipitation assay. For regular immunoprecipitation, cells were washed with cold PBS and scraped into NETN lysis buffer (150 mM NaCl, 20 Mm Tris-HCl; pH 8.0, 0.5% NP-40, 1 mM EDTA) containing 1× complete protease inhibitors. For ubiquitination assay, cells were transfected with a FLAG-ubiquitin-expressing plasmid for 24 hours in the presence of NH 4 Cl (10 mM) and CQ (200 μM). The cells were then washed with cold PBS and scraped into Pierce IP Lysis Buffer (25 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40, and 5% glycerol, Thermo Fisher Scientific) containing 1× complete protease inhibitors (Roche). After brief sonication, the cell lysates were centrifuged at 14,000 g for 20 minutes at 4°C to remove insoluble cell debris. The cell lysates were subsequently precleaned with protein A/G agarose (for regular immunoprecipitation; Merck) or protein A agarose (for ubiquitination assay; Thermo Scientific) for 1 hour at 4°C. The precleaned cell lysates were mixed with an anti-Dicer antibodies overnight at 4°C and then incubated with agarose beads for 1 hour at 4°C. The immunoprecipitates were assayed by Western blot analysis.
Methods
In situ PLA for detection of direct protein-protein interaction. The in situ PLA was performed according to the manufacturer's instructions (Sigma-Aldrich). Cancer cells were seeded onto ster-
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particles were harvested and filtered through 0.45-μm filters. After infection of lentivirus for 48 hours, cells were selected by puromycin (3 μg/ml). Lentiviral-infected stable clones were maintained in complete medium with puromycin (1.5 μg/ml). Human subjects. Human tissue arrays were purchased from US Biomax (MNT241) and Pantomics (COC1021).
Lentiviral knockdown. RNA interference was performed using lentiviral shRNAs from RNAi core (Supplemental Table 1 ; Academia Sinica, Taipei, Taiwan). HEK293T cells were transfected with 5 μg packaging plasmid (pCMVΔR8.91), 0.5 μg envelope plasmid (pMD.G), and 5 μg pLKO.1 shRNA using Lipofectamine 2000 (Invitrogen) for 6 hours. After 24 hours, the supernatants containing viral HIF-1α or ΔHLH HIF-1α-expressing plasmid for 24 hours. The following day, cells were transfected with miR-200b mimics (MDbio) for 24 hours. After trypsinization, cells were seeded into Transwells for 48 hours, and subsequently, the nonmigrated cells were removed with a cotton swab and the migrated cells were fixed with 4% formaldehyde for 1 hour and further stained with crystal violet. The migrated cells on the lower surface of the membrane were observed under an optical microscope. The number of migrated cells was quantified by blind counting from at least 3 fields per chamber under a 20× objective.
Isolation of RNA and reverse-transcription real-time PCR. Total RNA was isolated by using TRIzol (Invitrogen), and cDNA was synthesized by miRNA-specific reverse-transcription primer (for miRNA) or random hexamers (for pri-mRNA and mRNA). The cDNA of miRNA and pri-mRNA were amplified by using Universal PCR Master Mix with TaqMan probe (Applied Biosystems). The PCR cycling parameters were set according to the manufacturer's protocol. The amplificational replication signal was detected by Applied Biosystems Step One Real-Time PCR System. Values representing the average of 3 independent experiments were normalized to the endogenous control gene. The cDNA of mRNA was amplified by specific primers (Supplemental Table 3 ) with Taq polymerase. The PCR cycling parameters were as follows: 95°C for 3 minutes and 35 cycles of 95°C for 40 seconds, 60°C for 40 seconds, and 75°C for 30 seconds.
Autophagosome isolation. Extraction was performed as previously reported (68) . Briefly, HCT116 cells were transfected with HIF-1α for 48 hours. The cells were suspended in a hypotonic solution (10% sucrose mixed with 0.5 ml 1 M HEPES/0.1 M EDTA) and homogenized with 20 strokes of a syringe (23-gauge). The resultant homogenate was diluted with homogenization buffer (0.25 M sucrose, 10 mM HEPES, 1 mM EDTA, pH 7.3) containing 1.5 mM glycyl-l-phenylalanine 2-naphthylamide (GPN) and 1% DMSO. After incubation for 7 minutes at 37°C to destroy the lysosomes, the homogenate was cooled to 4°C.
Statistics. All data were analyzed using Prism 6 (GraphPad), and the results are presented as mean ± SD using at least 3 independent experiments. Unpaired 2-tailed Student's t test was used to assess 2 independent groups. One-way ANOVA was used to test multigroup comparisons with Tukey's post hoc test. The groups with 2 independent variables were tested by 2-way ANOVA ( Figure 3B , Figure 6F , and Supplemental Figure 3B ). P < 0.05 was considered statistically significant.
Study approval. All protocols of animal studies using BALB/c mice and operation of the IVIS spectrum followed the principles of 3Rs and were approved by the IACUC of NCKU. Tissue arrays and frozen colon cancer tissues obtained from NCKU Hospital were used according to IRB protocols approved by the NCKU Hospital. Experiments using human subjects were approved by the NCKU Hospital IRB. All human subjects gave informed consent.
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Metastasis animal experiments. Male BALB/c mice (5 to 6 weeks) were purchased from the NCKU laboratory animal center. For intrasplenic injection, 1 × 10 5 CT-26/Luc cells were suspended in 50 μl PBS and injected into the spleens of mice (n = 7/each experimental group). Mice were intraperitoneally injected with 150 mg/kg of d-luciferin (PerkinElmer), and bioluminescent images were examined by using IVIS noninvasion in vivo imaging system (PerkinElmer). At 18 days after injection, livers and lungs of the mice were isolated to examine the photon intensity of the metastatic signals.
Western blot analysis. Cells were harvested in RIPA lysis buffer (50 mM Tris-HCl; pH 7.5, 120 mM NaCl, 0.5% NP-40, 200 mM Na 3 VO 4 , 1 mM EDTA, 0.5% sodium deoxycholate, 1% SDS) containing 1× protease inhibitor cocktail (Roche) for 10 minutes on ice. An equal amount of protein from the cell lysates was resuspended in gel sample buffer, resolved by SDS-PAGE, and transferred to PVDF membrane (Millipore). After blocking, the membranes were incubated with specific primary antibodies (Supplemental Table 2 ) overnight at 4°C. After washing with TBST, corresponding secondary antibodies were added at room temperature for 1 hour. The immunoreactivity of the signals was visualized by using an ECL system (PerkinElmer Health Sciences).
MS. Endogenous HIF-1α was purified through immunoprecipitation with the anti-HIF-1α antibody GTX127309 in HCT116 cells, and samples were subjected to 6% SDS-PAGE. The gels were stained with Coomassie blue. The protein bands corresponding to Dicer (220-240 kDa) and HIF-1α (120 kDa) were excised and subjected to in-gel digestion. The gel was divided into several slices with a scalpel. Gel slices were cut into small pieces, washed with distilled water, and shrunk with acetonitrile. Samples were reduced with DTT and S-alkylated with iodoacetamide, swollen with a solution of 10 ng/μl trypsin (Promega), and incubated overnight at 37°C. After digestion, the supernatants were recovered, and extraction of the remaining peptides from the gel fragments was performed with 5% formic acid, followed by vacuum drying. Peptide desalting was conducted using ZipTip (ZTC18M960, Merck Millipore) and was followed by reverse-phase nano-ultra performance ESI LC-MS/MS, where LS indicates liquid chromatography (SYNAPT G2-Si Mass Spectrometry, Waters) and peptide fragmentation patterning. LC-MS/MS data were obtained using a data-dependent acquisition method and processed by the MASCOT search engine. Data processing for protein identification and quantification was subsequently performed using SWISS-PROT databases.
Confocal microscopy analysis. Cells were washed 3 times with cold PBS, fixed in 4% formaldehyde for 1 hour, and then permeated with 0.5% Triton X-100 for 15 minutes and incubated with 5% BSA for 1 hour. Afterwards, cells were incubated with primary antibodies (diluted at 1:200) overnight at 4°C. On the following day, cells were washed by PBS and further incubated with the appropriate secondary antibody (diluted at 1:200) tagged with rhodamine or FITC (Millipore) at room temperature for 1 hour. For BiFC, cells were transfected with VC155-HIF-1α and VN173-fused Dicer. Excitation of Venus was detected at 515 nm (67) . Nuclei were stained with DAPI together with mounting medium (Vector Laboratories). All images were taken by using a Carl Zeiss LSM780 laser-scanning confocal microscope from the Instrument Development Center, NCKU.
Boyden chamber migration assay. Boyden chamber cell migration assays were performed using uncoated Transwells (Corning). The Transwells were inserted into 24-well plates containing DMEM/F12 supplemented with 10% FBS. HCT116 cells were transfected with
